holes in the valence band are observed.
Understanding the impact of water colloidal dispersion on the electronic properties of nanodiamonds (NDs) is critical as many of their applications, such as biomedical imaging and drug delivery, take place in aqueous environment. 1 Electronic interactions with water or other neighboring molecules in aqueous environment are believed to influence their colloidal, 2-5 luminescent 6, 7 and catalytic 8, 9 properties. For drug delivery applications, it was observed that addition of salt 10, 11 or change of pH 12 has an impact on the drug absorption, which may also be related to the changes in the electronic structure of NDs surface states. However, only basic electrostatic information, such as the Zeta potential measured by electrophoretic light scattering, are currently available to monitor in situ changes in electronic structure of NDs in water. Detailed picture about occupied and unoccupied electronic states in the valence and conduction bands, respectively, for NDs in solution is still missing. Electronic interactions between the NDs and the surrounding molecules, including bondbuilding/breaking and charge transfer, would strongly affect these electronic states. Core-level spectroscopy at the K-edge of oxygen and carbon is a powerful method to characterize the electronic properties of NDs in water because it is element-specific and can provide information on the electronic and chemical states of the investigated systems.
13,14 X-ray absorption (XA) and emission (XE) spectroscopy are complementary methods probing the unoccupied and occupied electronic density of states of the probed materials, respectively. Characterization of NDs in aqueous media with XAS and XES remains though particularly challenging as the short penetration depth of soft x-ray photons required to probe the K edges of carbon and oxygen atoms implies vacuum conditions. Consequently, NDs are usually dried on a substrate or a grid before analysis under vacuum. However it remains questionable whether electronic structure measured in such conditions can be extrapolated to aqueous environment. For example, electronic interaction with underlying substrate cannot be ruled out, 15 and charge transfers to solvent or other dissolved molecules are dynamical processes 16 which cannot be easily reproduced ex situ.
The microjet technique, which allows measurement of liquids in vacuum conditions by soft x-ray spectroscopies, was introduced in the 90s. 17 Combined with the high brilliance of current synchrotron facilities, this technique is particularly efficient to characterize dissolved ions and small molecules in various solvents. 14 nanoparticles, characterization of nanomaterials in suspension remains scarce. XAS and XES are based on photon-in photonout processes and are therefore sensitive to nanoparticles in the bulk of the microjet, complementary to the x-ray photoelectron spectroscopy (XPS) which has been applied to probe surface layers of nanoparticles in water due to the very short mean free path of electrons. 21 In this study, carbon and oxygen K edges of oxidized detonation NDs dispersed in water at 1 wt % were characterized by synchrotron-based XAS, measured in Total Fluorescence Yield (TFY) mode, and XES. NDs in aqueous solution, probed using a liquid microjet (NDs-mj), were compared to a thin compact layer of NDs dried on a silicon substrate (NDs-sub), to observe the effect of water dispersion. XAS and XES measurements at the carbon K edge of NDssub and NDs-mj are compared in Figure 1 . The XE spectra, obtained by non-resonant excitation at 320 eV, are constituted of a broad peak at 280.0 eV and a smaller feature at 272.0 eV for both liquid and solid samples, attributed to occupied electronic states with 2p and 2s character, respectively. 22 These features, corresponding to the valence band of NDs, are comparable to previous XES reports on NDs thin films 23, 24 and no significant differences are observed between NDs-sub and NDs-mj except for a higher noise level of NDs-mj. The resonant excitations at the carbon K edge were also conducted but no excitation energy-dependent features were observed for excitation energies above the edge. This is different from bulk single-crystal diamond that clearly shows peak shifts as the excitation energy varies associated with Resonant Inelastic X-ray scattering (RIXS). 25 The imperfect crystalline structure of detonation NDs 26 leads to incoherent scattering, which is not excitation energy dependent. 25 Therefore the off-resonant XES features representing the occupied states are expected even when the system is excited resonantly.
For XA spectra at the carbon K edge, a dip at 302.4 eV related to the second absolute band gap of diamond and a band at 293 eV related to C1s to σ* transitions for sp 3 -hybridized carbon atoms are clearly visible for both samples. These features demonstrate that the electronic structure of the diamond core of the NDs remains unchanged with water dispersion. The excitonic peak at 289.6 eV appears up-shifted and broadened compared to bulk diamond, which was previously attributed to quantum confinement. 27, 28 The features in the energy range of 295-310 eV are slightly more pronounced for NDs-mj than for NDs-sub. One of the possible reason could be that saturation effect related to TFY measurement, 29 is reduced for NDs-mj due to its lower carbon concentration. Indeed, NDs-sub is constituted of a compact layer of NDs lying on a substrate so that the incident x-rays are fully absorbed by the NDs and therefore the TFY-XA spectrum appear saturated. On the contrary, NDs dispersed at low concentration in water absorbs only a fraction of the incident beam; hence NDs-mj are less sensitive to saturation. Detailed analysis of the pre-edge region of XA spectrum, plotted on Figure 2 , provides information on the chemical bonding and electronic state of the ND surface. The XE spectrum of NDs-sub is also presented in Figure 2 to indicate the energy range of the occupied states. A feature is observed at 286.7 eV on both samples, which can be attributed either to Fullerene-Like Reconstructions (FLRs) 23 or to C=O bonds. 30, 31 FLRs are likely to be present on detonation NDs, while C=O bonds from carboxyl or carbonyl groups are expected for oxidized NDs. Another peak is detected at 285.1 eV on NDssub, associated with π* transitions from sp 2 -hybridized carbon atoms as reported previously. 23, 27, 30 Interestingly, no peak appears at this energy on NDs-mj.
Another difference between NDs-sub and NDs-mj is the appearance of a broad band around 283 eV, only observed on NDs-mj. This feature lies in the valence band of NDs, as indicated by XE spectrum (Figure 2) . Although a significant photon flux loss from the beamline is observed in this energy dispersed in water at 1 wt %. NDs-mj XA spectrum is an average of 7 independent measurements. The standard deviation is indicated by lighter color. XES from NDs-sub (green) is also plotted to indicate the energy range of occupied states in NDs valence band. range, the peak is clearly resolved after a careful correction for photon flux and background signal (see ESI). In the following, we discuss the observation of valence band holes in our study in the light of earlier literature reports. 4, 5, 16, [32] [33] [34] [35] Previously, empty states in the valence band were already observed by XAS on bulk diamond when highly doped by boron atoms. 32, 33 As reported by Zegkinoglou et al, two peaks are measured at 284.0 and 282.5 eV attributed to boron acceptors in the diamond matrix and to transitions from this boron acceptor to adjacent carbon atoms, respectively. 33 Although small boron contamination due to surface purification process have been reported on NDs used in this study, 36 substitution in the diamond matrix is necessary to induce a hole signature for the XA spectrum at the carbon K edge. In case of accidental boron incorporation in the diamond matrix of NDs, holes induced by boron impurities should also be visible on NDs-sub therefore this origin can be ruled out.
Other studies on undoped bulk diamond have also reported a feature at 282.5 eV when the diamond surface is unsaturated, for example after in situ high temperature annealing under UHV 34, 37 or partial hydrogen plasma treatment. 35 These unoccupied states were attributed to π-bonded single dangling bonds on clean diamond C(100)-(2x1) surface resulting from a partial hydrogenation. 35 This interpretation cannot fit to our case because these dangling bonds are only stable under ultrahigh vacuum and would certainly be rapidly saturated in water.
Another origin for valence holes could be related to surface band bending induced by charge transfer in aqueous environment. Charge transfer involving electrochemical redox couples in water was already reported on hydrogenated bulk diamond 16 and NDs. 5 However NDs used in our study were not hydrogenated and oxygen termination should prevent charge transfer. 16 Nevertheless, the surface chemistry of detonation NDs is diverse and other surface structures, such as FLRs, 4 may also be sensitive to electronic interactions in aqueous solutions. Indeed, graphene layers were also previously found to be sensitive to p-doping induced by similar charge transfer in presence of oxygen and water molecules. 38, 39 Furthermore, spontaneous polarization at the diamond-FLRs interface induce migration of free electrons to the graphene surface layer, 11 which is then more sensitive to hole doping. From our XAS results, we have a clear signature of holes in the valence band of NDs. Water solvation plays a crucial role in the hole formation because they are not detected on XAS from dried NDs. Hole doping induced by electron transfer involving O 2 /H 2 O redox couple on FLRs seems therefore to be the most likely explanation for the origin of these holes.
Disappearance of π* transitions on NDs after water dispersion is consistent with hole doping on FLRs. Indeed, sp 2 signature on surface-graphitized NDs was previously found to vanish after air exposure and water dispersion based on XPS measurements in vacuum. 4 The disappearance was attributed to chemisorption of molecular oxygen on graphitic planes. A similar surface evolution was reported by Shpilman et al on reconstructed single-crystal diamond surface characterized by XAS. 30 After in situ exposure to molecular oxygen under ultrahigh vacuum, the intensity of the peak related to amorphous sp 2 and defect states at 283.9 eV is strongly reduced while new components appear at 282.65 and 286.6 eV. In water, the electronic interaction between molecular oxygen and the NDs surface is probably different from ultrahigh vacuum. Nevertheless, adsorption of dissolved electron acceptors, such as molecular oxygen, on FLRs is apparently stabilized by water dispersion, which could be an explanation for the disappearance of π* transitions on NDs-mj. Although the exact charge transfer mechanism remains to be determined, our experimental results strongly support the idea of electron transfer from NDs to molecules, probably molecular oxygen, adsorbed on FLRs. At the first sight, observing holes in the valence band of NDs studied here seems to contradict with the negative Zeta potential induced by carboxylate groups on their surface. Nevertheless it is very likely that the positive charges from holes are screened by negative charges of carboxylate groups due to the stronger charge density of ionizable surface sites. 16 For NDs without ionizable surface functional groups such as carboxylate groups, holes would be the main surface charges and would turn the Zeta potential to positive values, as observed on hydroxylated, 40 . In order to see the effect of the NDs on the local electronic structure of water we have performed oxygen K edge XAS and XES on NDs-mj as shown in Figure 3 . Non-resonant XES is known to be sensitive to the hydrogen bond network of water. 41, 42 The intensity of the two components d 1 induced by ions dissolved in water. 43, 44 With NDs, no clear changes are detected compared to pure water in Figure 3a , suggesting that modification of the water structure is not sufficient to be detected by XES for NDs concentration of 1 wt %. For XAS measurement (Figure 3b) , the spectra are dominated by the water contribution, which is expected considering the low concentration of oxygen atoms coming from surface groups of NDs compared to water molecules. A shoulder at 531.4 eV is though detected below the pre-edge of water for NDs concentration of 5 wt %, corresponding to the O1s to π* transitions of C=O bonds from NDs surface functional groups. Note that this component is downshifted compared to acetate molecules probed in similar conditions. 43 In summary, we demonstrate in this study that the π* transitions from sp 2 -hybridized surface states, present on dried NDs, disappear upon dispersing the NDs in water. On the other hand, valence holes are observed for NDs in water, which might be related to the electron transfer from ND surface to surrounding water molecules or other species present in aqueous solution. Such holes would probably affect colloidal, optical, chemical and catalytic properties of NDs dispersed in water. Further studies are necessary to better understand their origin and structure. Similar electronic effects are likely to occur also on sp
